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Subsurface drainageAbstract The DRAINMOD-N II, which is a based ﬁeld scale model for predicting Nitrogen, was
successfully calibrated and validated using data sets from two experimental plots located at the
North-East of Egypt over a period of one year (2009–2010). Lateral drains were installed at
12 m spacing in the ﬁrst plot and at 18 m in the second plot. Both plots were cultivated with cotton
during the summer of 2009 followed by wheat during the winter of 2009/2010. The quantity and
quality of irrigation and drainage water were monitored for both sites over the two cropping
seasons. DRAINMOD-N II was calibrated using data from the ﬁrst plot, while data set from
the second plot was used for model validation over the two cropping seasons. The model simulation
results were evaluated statistically by comparing the simulated and measured drain ﬂows and
nitrate–nitrogen (NO3–N) losses in the subsurface drains.
The study results showed good agreement between the observed and simulated results for both
plots. The mean absolute error (MAE) of the drainage rate was less than 0.08 cm for the calibration
plot over the two cropping seasons. The MAE results for the prediction of NO3–N drainage losses
were 0.028 and 0.035 kg NO3–N/Feddan during cotton season and wheat season, respectively for
the calibration plot. During the same period, MAE of the drainage rate was less than 0.04 cm
for the validation plot. The MAE of NO3–N drainage losses was 0.024 and 0.013 kg NO3–
N/Feddan during cotton season and wheat season, respectively for the validation plot. These results
prove the DRAINMOD-N II capability to simulate nitrogen losses from the newly reclaimed
agricultural lands under the Egyptian conditions.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The Government of Egypt, as part of its horizontal land expan-
sion program, embarked on an initiative to reclaim and irrigate
an area covering 620,000 Feddan (260,400 Hectares) in the
northern Delta and northern Sinai Peninsula (North Sinai
1306 A. El Hawary et al.Development Project). Due to deﬁcit of fresh water supply, the
area is irrigated using mixed (fresh and drainage water) water
delivered by El-Salam Canal which takes the fresh water from
Damietta branch of the Nile Delta and drainage water from the
main open drains in Eastern Delta.
North Sinai Development Project is one of the mega irriga-
tion projects in Egypt. South El Husseinia Plain is within the
project area and comprises about 64,000 Feddan
(26,700 Hectares). The plain is located in a former marshland
which comprised the bed of Lake Manzala many years ago
and its soil is highly saline. In the context of the project, a ﬁeld
experiment was set up to study the feasibility of installing sub-
surface drainage system in these newly reclaimed lands. The
project concluded that the use of subsurface drainage has shar-
ply decreased soil salinity, lowered the water table, and sub-
stantially improved crop productivity. The project, however,
did not consider the effect of subsurface drainage on nitrogen
dynamics in the soil–water–plant system and its impact on
Nitrogen loss to surface water [1].
The newly reclaimed land in South El Husseinia Plain is
close to Lake Manzala that is an environmentally sensitive sur-
face water body. Leaching losses of Nitrogen from agricultural
lands to surface waters are expected to increase after the instal-
lation of subsurface drainage. Nitrogen loads from the newly
reclaimed land, could increase nutrient levels in Lake
Manzala triggering phytoplankton growth, depleting the dis-
solved oxygen, and creating hypoxic zones within the lake.
The ecological system of the lake could eventually be disturbed
because of the continuous delivery of nutrients from drained
lands.
DRAINMOD-N II was developed as a ﬁeld-scale model to
simulate the hydrology of poorly or artiﬁcially drained lands.
The size of the area selected for calibration should be a ﬁeld
scale size, with drain spacing and depths representative ﬁeld
conditions. For agricultural catchments, the calibration area
should generally consist of at least three lateral drains, instru-
mented to continuously measure ﬂow rates and water table
depths midway between the laterals [11]. In addition, theFigure 1 Sampling layout fomodeled area should be representing normal drainage bound-
ary conditions.
The objective of this paper is to assess the validation of the
DRAINMOD-N II model under the Egyptian conditions of
the newly reclaimed lands in order to facilitate the design of
the subsurface drainage systems that satisfy crop production
needs, and correspondingly minimize the offsite delivery of
nitrogen to surface waters in the newly reclaimed lands.
2. Methodology
2.1. Site description
For calibration and validation of DRAINMOD-N II model,
an experimental site was established within South El-
Husseinia Plain, 30 km South of Port Said, Egypt. The total
cultivated area of the site is 6 Feddan (2.52 Hectares), divided
into two plots: (i) plot A (2.5 Feddan (1.05 Hectares)), and (ii)
plot B (3.5 Feddan (1.47 Hectares)). Soil texture of the site is
loamy clay to clay extending to about 2 m below the ground
surface (bgs). The soil is saline with Electrical Conductivity
(EC) exceeding 16 dS/m and a hydraulic conductivity of
0.44 cm/day [3]. Shallow groundwater is highly saline and its
average depth is 1 m bgs. The source of irrigation is mixed
water (fresh water mixed with agricultural drainage water)
from El-Salam Canal with Total Dissolved Solids (TDS) range
between 700 and 800 ppm. The average concentration of NO3–
N in the irrigation water is 3 mg/l [2].
The subsurface drainage system was installed at different
drain spacing. Lateral and collector drains were installed in
the two neighboring plots at 1.2 m bgs using a 12 m spacing
at plot A and an 18 m spacing at plot B. Each plot has a num-
ber of laterals and only one collector. The layout of the exper-
imental ﬁeld is shown in Fig. 1. Both plots were cultivated with
cotton during the summer season of 2009 followed by wheat
crop during the winter season of 2009/2010.
Similar agricultural management practices were applied at
both plots during both cropping seasons. The same irrigationr both experimental plots.
Table 1 Summary of the study area soil properties.
Parameter Value
Depth to impermeable layer (m) 2.00
Average hydraulic conductivity (m/day) 44 · 104
Volumetric water content at lower limit (Wilting Point) 0.24%
Organic matter (%) 0.36
Table 2 Crop data and parameters used in DRAINMOD–N
II.
Input parameter Crop
Cotton Wheat
Crop data
Plantation date 5-4-2009 22-11-2009
Number of days from
plantation to harvest (day)
163 120
N-fertilizer input (kg N/ha) 97 Urea 194 + Nitrate 138.7
Potential yield grain/seed
(kg/ha)
1500 13,000
Harvest index 0.56 0.54
Root/shoot ratio 0.15 0.1
Plant biochemical composition
Crop nitrogen (%) 2 1.5
Shoot N (%) 0.7 0.5
Shoot C (%) 41 40
Shoot lignin (%) 4 3.5
Root N (%) 0.8 0.5
Root C (%) 36 40
Root lignin (%) 8.3 9.5
Assessment of the DRAINMOD-N II model for simulating nitrogen losses 1307depth of water was applied at both plots. Drainage water
quantity was measured at the collector outlet of each plot on
a daily basis over a one week period after each irrigation event.
Cotton was cultivated in April 2009 and harvested in
October 2009. Field preparations were carried out by adding
farmyard manure and gypsum to improve the soil chemical
properties. After soil plowing, the ﬁeld was leveled using
Laser leveling equipment. Field plots were lined with 2 m spac-
ing between lines and 0.25 m spacing between pits. Each pit
was seeded with 5–15 germs. After 20 days, the ﬁeld was
patched to compensate for the non-germinating seeds. Urea
with 46.6% Nitrogen was applied on a rate of
500 kg/Feddan for both plots. The cotton was harvested twice
on 15 September 2009 and 15 October 2009.
Subsequently, Wheat was cultivated during the winter sea-
son of 2009/2010 with same practice as cotton. During the sea-
son different fertilizers were added such as granule sulfur, soft
sulfur, Super phosphate, Urea (46.6% Nitrogen) and Nitrate
(33.3% Nitrogen). The Wheat was harvested on 8 April
2010. Corn and Sugar Beet were cultivated following the
Wheat crop at both sites.
2.2. Simulation procedure
Model simulations were conducted using data from both plots.
Input data and model parameters required for the
DRAINMOD-N II include soil properties, crop characteris-
tics, meteorological conditions and irrigation and drainage sys-
tem design parameters. Several Nitrogen-related parameters
are required for DRAINMOD_N II simulation including crop
management, N transport and transformation, and organic
matter parameters.
Precipitation data used in model calibration are measured
with a weather station installed at the area. For simplicity, irri-
gation was presented to the model as precipitation that
inputted in hourly scale time series. Potential evapotranspira-
tion (PET) depends on climatological factors which include
net radiation, temperature, humidity, and wind velocity.
Daily PET is computed in the model using the Thornthwaite
method (1948) using meteorological data from 2009 to 2010.
Three soil sections were sampled in each plot for soil tex-
ture identiﬁcation as shown in Fig. 1. Soil samples were col-
lected every 0.25 m from ﬁve layers to a maximum depth of
1.25 m bgs in two locations in each plot (northeast and south-
west corners of the plots). For the midﬁeld location in each
plot, soil samples were collected from eight layers of the proﬁle
to a maximum depth of 2.00 m bgs.
Lateral saturated hydraulic conductivity was measured, for
each soil layer at one location in the middle of each plot every
0.25 m to a maximum depth of 1.50 m bgs using the auger-hole
method. Soil properties at the experimental area are listed in
Table 1.
DRAINMOD-N II simulates crop rotation comprising
more than one crop. The simulated crop rotations were applied
on cotton and wheat. The crop rotation takes one year to be
completed. The input data of each crop consist of the effective
root depth, the major dates of planting, harvesting and stresses
counting parameters.
Crop parameters include, for each crop in the rotation,
crop species (legume/non-legume), N uptake tabulated func-
tion, and yield parameters. The N uptake tabulated functiondescribes cumulative relative N uptake at various stages of
crop growth. The uptake function developed by Shaffer et al.
[10] was used for the crops grown on the site. Yield parameters
include potential crop yield, harvest index (HI), root/shoot
ratio (RSR), and N content of plant grains, shoots, and roots.
DRAINMOD-N II uses yield parameters to estimate the total
N uptake during the entire growing season.
Evans et al. [4] deﬁned the Potential crop yield as the
maximum crop yield that would occur in the absence of soil
water-related stresses. In DRAINMOD-N II, the crop yield
is estimated as the product of the potential yield and
DRAINMOD-predicted relative yield. Hay [5] deﬁned the
Plant HI as the ratio of crop yield to the total above-ground
biomass. The RSR is the mass ratio between root dry matter
and shoot dry matter as deﬁned by Hoad et al. [6].
DRAINMOD-N II uses HI and RSR to estimate the non-
grain above-ground dry matter and the below-ground dry mat-
ter from DRAINMOD-N II predicted or ﬁeld-measured crop
yield [14].
The potential yields and N-content of cotton and wheat
estimated from ﬁeld measurements are presented in Table 2.
Table 2 lists the common ranges of wheat crop N, C and lignin
contents as reported by Youssef [13]. In addition to Harvest
Index, root/shoot ratio, shoot N and root N in cotton that
were estimated on observed ﬁeld data, the N-uptake tabulated
function proposed by Youssef [13] was used for the crops
modeling.
Table 5 Initial organic matter parameters used in
DRAINMOD–N II.
Input parameter Kdec (day
1) C/N ratio (day1)
Litter pool
Surface structural 1.0685 · 102 150
Surface metabolic 4.0548 · 102 15
Surface microbes 1.6438 · 102 10
Below-ground structural 1.3425 · 102 150
Below-ground metabolic 5.0685 · 102 15
SOM pools
Active 2.0000 · 102 15
Slow 5.4795 · 104 20
Passive 1.2329 · 105 10
1308 A. El Hawary et al.The transformation parameters include processes parame-
ters of fertilizer dissolution, nitriﬁcation, denitriﬁcation, pH
control and volatilization. The Organic matter parameters
describe the potential rates of decomposition (Kdec) and C/N
ratios of litter and Soil Organic Matter (SOM) pools. The ﬁeld
measured concentrations of NO3–N, NH4–N and Organic
Carbon (OC) contents were used to initialize the model.
Initial active, slow and passive to total OC values were 2%,
38% and 60%, respectively. The model was simulated accord-
ing to the procedure described by Youssef et al. [15].
DRAINMOD-N II input parameters for Nitrogen initial
transport parameters and NH4 distribution coefﬁcient are pre-
sented in Table 3. The initial transformation parameters
including Michaelis–Menten parameters are presented in
Table 4. Initial organic matter parameters including litter
and SOM pools are presented in Table 5. All listed values were
basically estimated as described in Youssef et al. [15].
The distribution coefﬁcient that characterizes NH4–N sorp-
tion was estimated according to Knisel et al. [7] as follows:
Kd ¼ 1:34þ 0:083 CL ð1Þ
where Kd is the NH4
+ distribution coefﬁcient (cm3g1) and CL
is the clay content (%).
2.3. Calibration and veriﬁcation efﬁciency
The observed and simulated drainage outﬂows and NO3–N
losses in subsurface drains were compared relying on the mean
absolute error (MAE), the modeling efﬁciency (E) and theTable 3 Initial transport parameters and NH4
+ distribution
coefﬁcient used in DRAINMOD-N II.
Input parameter Value
Longitude dispersivity (cm) 5
Tortuosity 0.5
Tolerance 104
Minimum time step (day) 0.001
Concentration in rainfall (mg l1)
NO3–N 0
NH4–N 0
NH3–N concentration in air (mg l
1) 0
NO3–N initial concentration in soil (mg l
1)
0–200 cm 10
NH4–N initial concentration in soil (mg l
1)
0–200 cm 0.2
Table 4 Initial transformation parameters used in
DRAINMOD–N II.
Input parameter Nitriﬁcation De-
nitriﬁcation
Michaelis–Menten parameters
Vmax (lg N g
1 soil day1) 14 2
Km 10 40
Optimum temperature (C) 25 30
Threshold water-ﬁlled pore space – 0.8
Optimum water-ﬁlled pore space
range
0.5–0.6 –index of agreement (d) according to the following statistical
formulations:
MAE ¼ 1
n
Xn
i¼1
jOi  Sij ð2Þ
E ¼ 1:0
Pn
i¼1 Oi  Sið Þ2Pn
i¼1 Oi O0ð Þ2
ð3Þ
d ¼ 1:0
Pn
i¼1 Oi  Sið Þ2Pn
i¼1 jSi O0j þ jOi O0jð Þ2
ð4Þ
where Oi is the individual observed value at time i, Si is the
individual simulated value at time i, O0 is the mean observed
value and n is the number of paired observed-simulated values.
MAE describes the difference between the model simula-
tions and ﬁeld observations in the units of the variable [8].
Low MAE values (close to zero) indicate a perfect ﬁt between
the observed and the predicted data.
As described in Nash and Sutcliffe [9], Nash–Sutcliffe efﬁ-
ciency can range from 1 to 1. An efﬁciency of 1 (E= 1) cor-
responds to a perfect match between the simulated and the
observed data. An efﬁciency of 0 (E= 0) indicates that the
model predictions are as accurate as the mean of the observed
data. Efﬁciency less than zero (E< 0) occurs when the
observed mean is a better predictor than the model, i.e., when
the residual variance (described by the numerator in the
expression above) is larger than the data variance (described
by the denominator).
The index of agreement (d) was developed by Willmott
et al. [12] as a standardized measure of the degree of model
prediction error and varies between 0 and 1. A value of 1 indi-
cates a perfect match, and a value of 0 indicates no agreement
at all. The index of agreement can detect additive and propor-
tional differences in the observed and simulated means and
variances; however, it is overly sensitive to extreme values
due to the squared differences [8].
3. Results and discussion
3.1. Calibration
The calibration process aims at minimizing the variance
between the measured and the simulated data. The model
was calibrated sequentially for the hydrological and Nitrogen
Table 6 Statistical goodness-of-ﬁt measures of
DRAINMOD-N II calibration case.
Cotton Wheat
Drainage
rate
Nitrogen
losses
Drainage
rate
Nitrogen
losses
MAE 0.075 0.028 0.056 0.035
E 0.081 0.633 0.927 0.931
d 0.800 0.919 0.980 0.981
Assessment of the DRAINMOD-N II model for simulating nitrogen losses 1309related parameters. Calibrated parameters were manually
adjusted by visually comparing observed and simulated drai-
nage outﬂows and NO3–N losses in subsurface drains.
Subsequently, statistical measures have been calculated to
verify the calibration process.
The DRAINMOD-N II was calibrated using the ﬁeld
measurements of plot A, i.e., monthly drainage outﬂows
during the study period. The calibration parameters have been
adjusted consequently; the model results of daily drainage ﬂow
of plot A visually agreed with those observed in the ﬁeld during
cotton season as illustrated in Figs. 2 and 3. Calibrated param-
eters and their ranges were selected based on a previously
conducted calibration for DRAINMOD-N II [11].
In order to measure the efﬁciency of the calibration, statis-
tical measures were calculated using the calibration result data
versus observed data. The MAE of the drainage rate was less
than 0.08 cm for the calibrated cases as listed in Table 6.
The MAE values of the Nitrogen losses for cotton and wheat
cultivation periods were 0.028 and 0.035 kg NO3–N/Feddan
respectively (Table 6). The low values of MAE for all the cal-
ibration cases indicate a good ﬁt between the simulation results
and ﬁeld observations. In addition, the E value shows a perfect
match for all the cases, i.e., wheat cultivation period in0
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Figure 3 Observed and simulated monthly and cumulativepairwise (i.e., the E values were greater than 0.9 as listed in
Table 6. The calibration results of the cotton simulation show
good agreement between the simulated data and the mean of
the ﬁeld observations.
Since almost all the values of d were not far off unity, as
listed in Table 6, then there is a perfect match between the
results of the model and the ﬁeld observations. The d value
of the drainage rate during cotton period shows the least
record (i.e., 0.8), nevertheless, it still demonstrates a good
match.
Generally, the monthly simulated NO3–N losses (in drai-
nage water) are visually in a good agreement with the ﬁeldJuly August
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1310 A. El Hawary et al.measurements, as shown in Figs. 4 and 5. The results show
that, NO3–N losses were strongly dependent on outﬂow rates
following the typical behavior. However, the accumulated
model results tended to be slightly less than ﬁeld observations0
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monthly NO3–N drainage losses occurred during April for
both observed and simulated values. However, during the
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Figure 7 Observed and simulated monthly and cumulative drain outﬂows of plot B during wheat season 2010.
Table 7 Statistical goodness-of-ﬁt measures of
DRAINMOD-N II veriﬁcation case.
Cotton Wheat
Drainage
rate
Nitrogen
losses
Drainage
rate
Nitrogen
losses
MAE 0.036 0.024 0.039 0.013
E 0.603 0.069 0.980 0.989
d 0.904 0.780 0.994 0.997
Assessment of the DRAINMOD-N II model for simulating nitrogen losses 1311occurred during February for both observed and simulated
results.
3.2. Validation
In order to demonstrate the accomplishment of DRAIN-
MOD N II calibration, the model was validated using the data
of experimental plot B. The results visually show good agree-
ment between the ﬁeld measurements and the simulated results
for drainage outﬂows as illustrated in Figs. 6 and 7. DuringFigure 8 Observed and simulated monthly and cumulative NO3–NMay, the simulated monthly drainage outﬂows highly agreed
with the monthly observed drainage outﬂows especially for
plot B as shown in Fig. 6. Nevertheless, the results of plot B
show the same pattern between simulated and observed data
with slight variation.
Applying the statistical measures on the validation results,
the MAE values of Nitrogen losses were less than
0.025 kg NO3–N/Feddan for all validation cases as listed in
Table 7. In addition, the MAE values of drainage rate were less
than 0.04 cm for all validation cases as listed in Table 7. The
MAE values of Nitrogen losses for the validation cases applied
on cotton and wheat cultivation periods were 0.024 and
0.013 kg NO3–N/Feddan respectively (Table 7). The low val-
ues of MAE calculated for the validation cases demonstrate
good ﬁt between the simulation results of the model and the
ﬁeld observations.
The E values show a perfect match, for all the validation
cases simulated for wheat in pairwise (i.e., the E values were
greater than 0.9 as listed in Table 7), while the results of the
validation cases simulated for Nitrogen losses during cotton
cultivation period show a good accuracy between the simu-
lated data and the mean of the ﬁeld observations, i.e., the E
value not far off zero.losses in subsurface drains for plot B during cotton season 2009.
Figure 9 Observed and simulated monthly and cumulative NO3–N losses in subsurface drains for plot B during wheat season 2010.
1312 A. El Hawary et al.Since almost all the d results are close to unity, as listed in
Table 7, then there is a perfect match between the results of the
model and the ﬁeld observations. The d value of the Nitrogen
losses during cotton period shows the least record (i.e., 0.78),
however, still demonstrates a good match.
As they are accumulated, the simulated drainage
outﬂow values visually follow the same trend as the ﬁeld
observed data for cotton and wheat as illustrated in Figs. 7
and 8. The simulated values almost agree with the ﬁeld
observations, however, the simulated values for some months
show less value than those observed in ﬁeld during the same
period.
Following similar behavior, the NO3–N losses in drain out-
ﬂows were strongly dependent on outﬂow rates in plot B as
shown in Figs. 8 and 9 during cotton and wheat seasons,
respectively. The comparison between the simulated and ﬁeld
measurements shows very slight variation, nevertheless, the
accumulated values follow the same trend for both cultivation
seasons.
4. Conclusions
DRAINMOD-N II model was successfully tuned up during
calibration using data sets from conventional drained plots
located in North-East of Egypt over one year cultivation per-
iod between 2009 and 2010. Subsequently, the veriﬁcation of
the model shows a good agreement between the observed
and simulated data. The statistical goodness-of-ﬁt measures
represented by the mean absolute error (MAE), the modeling
efﬁciency (E) and the index of agreement (d) for the
DRAINMOD-N II verify the good match between the model
results and ﬁeld observations.
The consequences of this study demonstrate the capability
of the DRAINMOD-N II to simulate drainage rate and nitro-
gen losses from agricultural lands under the Egyptian condi-
tions at newly reclaimed lands. However, this study was only
applied on two cropping periods with one soil type; the modelneeds to be tested for multi-seasonal cultivation periods with
different soil types.
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